Introduction {#s1}
============

In eukaryotic organisms, DNA is present in the nucleus in a highly compacted structure known as chromatin, in which nucleosomes are the basic structural units. Each nucleosome encompasses a histone octamer (two H2A-H2B dimers and an H3-H4 tetramer), and 147 bp of DNA wrapped around the histone octamer ([@B82]). However, the fact that DNA is packaged into the nucleus complicates the access of nuclear machinery that mediates different cellular processes such as transcription, replication or DNA repair ([@B83]). Chromatin needs to be relaxed by remodelers to allow these processes to take place, making the structure of nucleosomes very dynamic ([@B125]). In particular, the reorganization of chromatin is pivotal for the establishment of gene expression patterns that drive developmental programs and environmental responses in eukaryotes ([@B131]). Chromatin remodeling can be carried out by complexes that i) use ATP hydrolysis to alter the interaction between the DNA and the histone octamer non-covalently ([@B34]); ii) catalyze the exchange of canonical histones by histone variants, which have specialized functions and differ in sequence from the canonical histones ([@B118]); and iii) are involved in the covalent modification of histones and DNA, which affect the condensation status of chromatin ([@B13]). The post-translational modification (PTM) of histones occurs mostly in the amino-terminal tails, and is one of the most important mechanisms to regulate chromatin dynamics. These covalent modifications include, among others, lysine (K) acetylation, ubiquitination, and methylation, arginine methylation, and phosphorylation ([@B8]). In addition, DNA is also a methylation target ([@B71]). Many of these modifications have functions in transcription, and some may also accomplish roles in DNA repair, replication or chromatin condensation ([@B66]).

The combination and crosstalk among different PTMs constitutes a histone code that sets the basis for epigenetic transcriptional regulation and adds an extra level of regulation overlying those mediated by transcription factors ([@B115]; [@B103]). Some histone modifications such as trimethylation of lysine 27 in histone H3 (H3K27me3) and H3K9me2 are commonly associated with transcriptional repression ([@B110]; [@B107]), whereas H3 and H4 acetylation, H3K4me3, and H3K36me3 are marks linked to transcriptionally active states ([@B99]; [@B18]). PTMs act as recruitment platforms for effector proteins that modify the transcriptional status of underlying genes. However, histone acetylation has an additional physical effect on chromatin structure. The addition of a negatively charged acetyl group to K has been proposed to neutralize the positive charge of K in histones. This reduces the affinity of the histone tail for the DNA and contributes to release the interaction between histones and DNA, and to open the chromatin ([@B9]). Due to its great impact on a myriad of cellular and developmental processes, the antagonistic action of two classes of enzymes, histone deacetylases (HDACs), and histone acetyltransferases (HATs), has been the subject of a growing number of studies ([@B79]; [@B57]).

HATs are evolutionarily conserved from yeast to humans, including plants, and they usually function as multiprotein complexes defined by the catalytic subunit responsible for the transfer of acetyl groups to K residues ([@B72]). There are at least four families of HATs including GNAT (Gcn5-related N-acetyltransferase), MYST (MOZ, YbF2, Sas2, Tip60-like), p300/CREB-binding protein (CBP), and TAF~II~250 families. Eukaryotic genomes usually contain multiple members of each family illustrating their relevance for chromatin function. For example, in *Arabidopsis thaliana* twelve HATs have been identified. Three of them belong to the GNAT-MYST superfamily, five to the p300/CBP family, two to the TAF~II~250, and two more to the MYST family ([@B11]; [@B80]).

The MYST family of HATs is the largest one and is present in all eukaryotes. One of the best characterized complexes included in this family is the yeast Nucleosome Acetyltransferase of Histone H4 (NuA4) complex, highly conserved in eukaryotes. NuA4 is involved in different genomic processes such as DNA damage repair and transcription, heterochromatin silencing, cell cycle progression, and chromosome stability ([@B35]; [@B41]; [@B72]; [@B81]; [@B122]; [@B20]; [@B55]). NuA4 was initially described in yeast to acetylate nucleosomal histones at specific gene promoters ([@B48]), although later studies showed that this complex is also present in actively transcribed coding sequences ([@B114]). Besides acetylating histone H4, NuA4 also acts on histone H2A ([@B19]) and the variant H2A.Z ([@B87]; [@B124]). In mammals and flies, NuA4 evolved into a hybrid complex known as TIP60 ([@B22]), formed by subunits that in yeast belong to NuA4 and the ATP-dependent SWI2/SNF2-Related 1 chromatin remodeling complex (SWR1), that mediates the exchange of histone H2A by the histone variant H2A.Z ([@B126]). NuA4 also acetylates non-histone protein substrates in yeast and metazoans, ascribing to this complex additional roles in controlling metabolism, autophagy, and homeostasis ([@B77]; [@B91]).

Most of the yeast NuA4 subunits are widely conserved in plants where more than one homolog for members of the complex are frequently found. This is the case of *Arabidopsis thaliana,* in which many NuA4 components, including the putative catalytic subunits HISTONE ACETYLTRANSFERASE OF THE MYST FAMILY (HAM1/2) ([@B70]), are duplicated. Recent proteomic analyses performed with Arabidopsis homologs of NuA4 subunits have revealed that most of the components of this complex associate to each other *in vivo* ([@B14]; [@B119]; [@B38]). In plants, mutants for different NuA4 subunits characterized so far display pleiotropic vegetative and reproductive alterations, such as abnormal flowering time ([@B70]; [@B121]; [@B130]; [@B21]; [@B133]; [@B14]; [@B46]; [@B96]; [@B38]), suggesting the involvement of NuA4 in the control of central plant developmental processes through acetylation-mediated regulation of gene expression. In this review, we discuss the possible existence of NuA4 in plants, and describe the biological functions carried out by different homolog subunits of NuA4 studied in Arabidopsis. We speculate with future directions of the research aimed at confirming the conservation of this HAT complex in plants and characterizing its role in the control of gene expression to regulate different plant developmental programs and environmental responses.

Organization Of The NuA4 Complex: Lessons From Yeast And Metazoans {#s2}
==================================================================

The structure and molecular architecture of yeast NuA4 have been characterized by cryo-electron microscopy as well as by studying the interactions between the different subunits ([@B29]; [@B128]). Yeast NuA4 comprises 13 subunits including the catalytic subunit Esa1, together with Enhancer of polycomb-like1 (Epl1), the inhibitor of growth (ING) factor Yng2, Esa1-associated factor 6 (Eaf6), Transcription-associated protein 1 (Tra1), Eaf1, Eaf3, Eaf5, Eaf7, Actin-related protein 4 (Arp4), Actin1 (Act1), Yeast all fused gene from chromosome 9 (Yaf9), and SWR1 COMPLEX 4 (Swc4)/Eaf2 subunits ([**Table 1**](#T1){ref-type="table"}). Interestingly, most of the components of this 1.0-MDa complex are shared with other chromatin remodeling complexes. For instance, Swc4, Yaf9, Arp4, and Act1 are members of SWR1, and therefore are also involved in the exchange of H2A-H2B by H2A.Z-H2B dimers ([@B47]). Tra1 is also part of the recruitment module in SAGA and SAGA-like (SLIK)/SALSA complexes ([@B52]). Arp4 and Act1 are additionally present in the INO80 ATP-dependent chromatin remodeling complex ([@B26]), while Eaf3 is a component of the Reduced Potassium Dependency-3 Small (Rpd3S) HDAC complex ([@B25]; [@B63]), and Eaf6 is also found in the yeast NuA3 ([@B120]), HUMAN ACETYLASE BINDING TO ORC1 (HBO1) ([@B6]), and MONOCYTIC LEUKEMIC ZINC-FINGER PROTEIN (MOZ)/MOZ RELATED FACTOR (MORF) HAT complexes ([@B135]). Even the catalytic subunit in metazoans complexes is not exclusively present in TIP60 since it can also be found in HBO1 and MOZ HATs ([@B134]). Highlighting the strong conservation of this complex throughout evolution, most of the NuA4 subunits display high homology with the TIP60 HAT complex in *Homo sapiens*, in which twelve out of the thirteen subunits are conserved ([**Table 1**](#T1){ref-type="table"}) ([@B22]; [@B41]).

###### 

NuA4 conserved subunits from yeast to humans.

  -----------------------------------------------------------------------------------------------------------------------------------
  *NuA4 conserved subunits*                                                                                                   
  --------------------------- -------------------------------------- -------------------------- --------------- ------------- -------
  **Piccolo NuA4**            Epl1                                   AtEPL1A (AT1G16690)\       Os09g0284600\   E(Pc)         EPC1
                                                                     AtEPL1B (AT1G79020)        Os08g0338900                  

  Eaf6                        AtEAF6 (AT4G14385)                     Os12g0298600\              Eaf6            EAF6          
                                                                     Os01g0233400                                             

  Yng2                        AtING1 (AT3G24010)\                    Os03g0143600\              ING3            ING3          
                              AtING2 (AT1G54390)                     Os03g0748200                                             

  Esa1                        AtHAM1 (AT5G64610)\                    Os07g0626600               TIP60           TIP60         
                              AtHAM2 (AT5G09740)                                                                              

  **Assembly platform**       Tra1                                   AtTRA1 (AT4G36080)\        Os07g0645100    dTRA1         TRRAP
                                                                     AtTRA2 (AT2G17930)                                       

  Eaf1                        AtEAF1A (AT3G24880)\                   Os08g0177300               Domino/p400     Domino/p400   
                              AEAF1B (AT3G24870)                                                                              

  **TINTIN**                  Eaf5                                   \-                                                       

  Eaf7                        AtEAF7 (AT1G26470)                     Os05g0512500               MRGBP           MRGBP         

  Eaf3                        AtMRG1 (AT4G37280)\                    OsMRG701 (Os04g0101300)\   MRG15           MRG15         
                              AtMRG2 (AT1G02740)                     OsMRG702 (Os11g0545600)                                  

  **SWR1 shared module**      Swc4                                   AtSWC4 (AT2G47210)         Os05g0540800    DMAP1         DMAP1

  Yaf9                        AtYAF9A (AT5G45600)\                   Os06g0137300               GAS41           GAS41         
                              AtYAF9B (AT2G18000)                                                                             

  Act1                        8, including AT2G37620 and AT3G53750   Os03g0718150               Act88F          Act1          

  Arp4                        AtARP4 (AT1G18450)\                    Os08g0137200               BAP55           BAF53         
                              AtARP4A (AT1G73910)                                                                             
  -----------------------------------------------------------------------------------------------------------------------------------

Composition of NuA4-like complexes from model organisms such as S. cerevisiae, D. melanogaster, H. sapiens ([@B41]; [@B105]), A thaliana and O sativa are included. Annotations for Arabidopsis and rice NuA4 homolog proteins come from the Arabidopsis Information Resource (TAIR) (<https://www.arabidopsis.org/>) and the Rice Annotation Project Database (<https://rapdb.dna.affrc.go.jp/index.html>), respectively.

Interestingly, the biochemical isolation of two NuA4 subcomplexes lacking the full array of subunits has been reported in yeast: the Piccolo ([@B19]), and the Trimer Independent of NuA4 involved in Transcription Interactions with Nucleosomes (TINTIN) ([@B102]; [@B128]). Both subcomplexes work independently of the core NuA4 and have specific functions ([@B88]). A recent study has addressed the spatial structure of NuA4 by performing single-particle electron microscopy. This approach has revealed that NuA4 has a trilobal structure with a central core and two lobes. The central core contains Tra1, the Piccolo module and Eaf1, while lobe 1 is formed by the TINTIN sub-module, and lobe 2 is composed of the four subunits shared with SWR1 ([@B109]). Studies carried out in parallel performed cryoelectron microscopy and released the crystal structure of the Piccolo NuA4 core complex unveiling the histone H4 acetylation mechanism in the context of the nucleosome ([@B134]). This type of approach is shedding light on how this multisubunit complex assembles with the nucleosomal substrate to regulate gene expression.

A Small Version of NuA4: the Piccolo NuA4 Complex {#s2_1}
-------------------------------------------------

The yeast Piccolo NuA4 is composed of Esa1, Epl1, Yng2, and Eaf6 subunits ([**Table 1**](#T1){ref-type="table"}). This complex is responsible for the non-targeted Esa1-mediated acetylation of chromatin, and also for the interaction of NuA4 with the nucleosome core particle ([@B29]). Esa1 is the only essential acetyltransferase in *Saccharomyces cerevisiae* ([@B2]). This subunit alone is able to acetylate free histones while it acetylates nucleosomal H4, H2A, and H2A.Z histones *in vivo* when is present in Piccolo NuA4 complex ([@B64]; [@B87]; [@B81]; [@B86]). Esa1 contains a chromodomain (CHD) at the N-terminus and a C-terminal MYST domain. Mutations in the CHD domain, which is required to acetylate nucleosomes *in vitro* but not free histones, are lethal ([@B41]; [@B114]). Esa1 was originally described to be required for double-strand breaks repair ([@B16]; [@B72]). In addition, as a component of Piccolo NuA4, this subunit has a role in transcriptional regulation of ribosomal protein genes ([@B123]) and autophagy response ([@B136]).

The Epl1 subunit is essential for the interaction of the Piccolo NuA4 complex with nucleosomes ([@B29]). This is the yeast ortholog of the human EPC1/2 paralogs and the *Drosophila melanogaster* Enhancer of Polycomb (E(Pc)) protein, originally described as an enhancer of trithorax and polycomb mutations ([@B108]). Epl1 bears two differentiated domains: the C-terminus, which connects Epl1 and the Piccolo complex to the rest of NuA4 through Eaf1, and the EPcA domain in the N-terminus, which physically interacts with the rest of subunits of the Piccolo complex. A short region of the EPcA domain is required for binding to nucleosomes and histone H2A tail, an interaction necessary for the acetylation of nucleosomal H4 ([@B114]). The EPcA domain interacts with Esa1 promoting its activation. Then, Esa1 binds the nucleosome through its CHD domain, projecting its catalytic pocket towards the N-terminal tail of H4. The acetylation occurs through a double recognition mechanism of a short sequence of the histone H4 N-terminal tail and the spatial orientation of the histone after the binding of Esa1 with the nucleosome ([@B134]).

Yng2 is also critical for the Piccolo NuA4 HAT activity on nucleosomes *in vitro* and histone H4 acetylation *in vivo* ([@B114]). This subunit belongs to the highly conserved ING tumor suppressor family ([@B1]) and contains a Plant Homeo-Domain (PHD) and a short polybasic region at its C-terminal domain ([@B49]). The PHD domain binds H3K4me3 near the transcription start sites (TSS) of active genes ([@B95]). The recognition of H3K4me3 by Yng2 both at the promoter and coding sequences of genes has been proposed to recruit NuA4 to gene promoter regulatory regions. Subsequently, Yng2 positions the Piccolo complex for the acetylation of specific K residues of H4 and H2A histones, providing to this complex the function of maintaining the basal levels of H4 and H2A acetylation ([@B29]).

The fourth Piccolo subunit, Eaf6, is a small 13-kDa protein without known domains except for a putative leucine zipper region ([@B41]). The contribution of Eaf6 to the transcriptional regulation mediated by NuA4 has not been fully addressed and awaits further characterization. Recent observations reveal that Eaf6 (in humans, CENP-28) is also present at the centromere, and participates in the induction of centromeric transcription ([@B89]), possibly acting independently of NuA4.

The Assembly Platform of NuA4 Contains Eaf1 and Tra1 Subunits {#s2_2}
-------------------------------------------------------------

Among the subunits of yeast NuA4, Eaf1 is, together with Epl1, the only subunit present exclusively in this complex ([**Table 1**](#T1){ref-type="table"}) ([@B5]; [@B128]). Eaf1 directly contacts multiple subunits and occupies the central portion of the NuA4 core. This protein has been proposed to be the assembly platform of NuA4 ([@B88]). In fact, the removal of Eaf1 subunit results in the loss of NuA4 integrity and the collapse of the full complex ([@B88]; [@B109]). This protein contains a SANT (Swi3, Ada2, N-Cor, and TFIIIB) domain involved in interactions with DNA and histone tails, and also shows structural similarities with p400/Domino, a subunit of TIP60 ([**Table 1**](#T1){ref-type="table"}) ([@B22]). Eaf1 directly binds Tra1 through its SANT domain and both proteins constitute the assembly platform of NuA4. Eaf1 also contains a Helicase/SANT-associated (HSA) domain that interacts with the Epl1 C-terminus and bridges the Piccolo module to the rest of NuA4 ([@B128]).

Tra1, known as TRRAP in humans, is another important and conserved subunit of the central core of the yeast NuA4 ([**Table 1**](#T1){ref-type="table"}). There are few demonstrated interactions between this large protein and the rest of NuA4 components, and is located in the opposite domain of the Piccolo complex ([@B29]). This subunit belongs to the Phosphatidylinositol-3 kinase-related kinase (PIKK) family and is an essential protein since its deletion is lethal in yeast and mammals ([@B53]; [@B10]). Recent analysis of the three-dimensional structure of this protein by electron microscopy indicates that Tra1 has a rigid structure, highly conserved in both SAGA and NuA4 complexes ([@B28]).

The TINTIN Complex {#s2_3}
------------------

TINTIN is a NuA4 subcomplex composed of Eaf3, Eaf5, and Eaf7 subunits in yeast ([**Table 1**](#T1){ref-type="table"}) ([@B27]; [@B102]; [@B128]). This complex is tethered to NuA4 through the interaction of Eaf5 with Eaf1. In turn, Eaf7 connects Eaf5 with Eaf3 ([@B5]; [@B102]). Mutants of these subunits do not show the same phenotypic alterations as the other subunits of the complex, suggesting that TINTIN may have additional functions to those exerted by NuA4 ([@B88]). TINTIN appears more enriched over coding regions than in promoters, suggesting its possible role in transcriptional elongation ([@B102]). Additional TINTIN co-transcriptional roles in mRNA processing, termination, and quality control have been reported revealing some connections with the mRNA splicing machinery and the nuclear exosome ([@B12]).

Eaf3 and the human MORF4-related gene on chromosome 15 (MRG15) homolog belong to the Morf Related Gene (MRG) protein family and act as H3K36me3 "readers" ([**Table 1**](#T1){ref-type="table"}) ([@B101]). The Eaf3 subunit contains different specific domains: a CHD domain at its N-terminus responsible for binding H3K36 methylated residues, a putative DNA binding region, and a large highly conserved MRG domain. Eaf3 seems to be crucial for proper histone acetylation toward the 3′ end of actively transcribed coding sequences in a process that does not affect the association of the TINTIN complex with these regions ([@B114]).

In the Eaf5 protein no functional domains have been identified, and its role does not seem to be critical for NuA4 or TINTIN complexes since the loss-of-function of this protein does not cause abnormal phenotypes in yeast ([@B88]; [@B102]). Moreover, the gene is absent in higher eukaryotes, including plants ([@B41]; [@B42]). Conversely, the third TINTIN subunit, Eaf7, is widely conserved from yeast to humans ([**Table 1**](#T1){ref-type="table"}) ([@B106]). In humans, the Eaf7 homolog, MRG/MORF4L-binding protein (MRGBP), forms dimers with MRG15 independently of the TIP60 complex, possibly constituting the human TINTIN subcomplex ([@B27]; [@B12]).

Accessory NuA4 Subunits Shared With SWR1 {#s2_4}
----------------------------------------

Four yeast NuA4 proteins, Yaf9, Swc4, Arp4, and Act1, are also present in the chromatin remodeling complex SWR1 ([**Table 1**](#T1){ref-type="table"}) ([@B3]), suggesting a functional interplay between both remodelers. Indeed, NuA4-dependent acetylation of nucleosomal histones H4 and H2A directly promotes the incorporation of H2A.Z by SWR1 ([@B3]). Once incorporated, H2A.Z is also acetylated by NuA4 ([@B87]; [@B124]). Yaf9 contributes to the functions of both NuA4 and SWR1, and it has been implicated in transcriptional regulation, histone acetylation, DNA repair, chromosome segregation, cellular resistance to microtubule depolymerization, and response to spindle stress ([@B65]). Yaf9 contains a YEATS (Yaf9, ENL, AF9, Taf14, Sas5) domain, an evolutionarily conserved module that binds histones H3 and H4 *in vitro* ([@B127]), and that also recognizes H3K27ac in nucleosomes, guiding the replacement of H2A-H2B dimers with H2A.Z-H2B by SWR1 at gene promoters ([@B65]).

Swc4/Eaf2 contains an N-terminal SANT domain that recognizes both histones and DNA, and a C-terminal Yaf9-interacting domain ([@B17]). This subunit is the homolog of the human DNA methyltransferase-associated protein 1 (DMAP1; [**Table 1**](#T1){ref-type="table"}) ([@B104]), suggesting an interplay of Swc4 with the DNA methylation pathways. The fact that Swc4 deletion in yeast did not broadly affect global acetylation levels of histone H4 suggests that it may regulate site-specific roles of NuA4, likely mediating the recruitment of both NuA4 and SWR1 to target genes and coupling acetylation and H2A.Z deposition ([@B138]).

The ARP4 protein is a member of the ARP superfamily, a branch of an ancient and highly divergent family of proteins present in all eukaryotes and whose primary sequences display homology to actins ([@B62]). Nuclear actins (N-actins) control different nucleic acid transitions as part of chromatin remodeling complexes ([@B93]). Actin and Arp4 form a conjugated pair, and despite being widely conserved in eukaryotes, their structures and roles within the chromatin remodeling complexes have remained obscure until recently ([@B24]). N-actins and Arp4 are incorporated into different chromatin regulatory complexes through a common motif, the HSA domain ([@B117]). Yeast Arp4 is involved in DNA repair, and it has been suggested to interact with acetylated H4 tails ([@B16]). Altogether, these observations suggest that the shared subunits between SWR1 and NuA4 may cooperatively enable the association of these complexes with chromatin.

Growing Evidence For The Presence Of NuA4 In Plants {#s3}
===================================================

The existence of a putative NuA4-like complex in plants remains an open question nowadays since this complex has not been purified or characterized yet in any plant species. There are gene homologs for most of the yeast NuA4 subunits in plant genomes, but not for Eaf5 ([**Table 1**](#T1){ref-type="table"} and [**Figure 1**](#f1){ref-type="fig"}). Many of these genes appear duplicated in the Arabidopsis genome, suggesting that this complex might be also present in plants. However, knowledge concerning the function of the putative plant NuA4 is very limited. Only during the last years the study of Arabidopsis mutants deficient for particular NuA4 subunits has started to reveal functions for these homologs in several biological processes ([@B70]; [@B121]; [@B21]; [@B133]; [@B14]; [@B46]; [@B96]; [@B38]). Nevertheless, the presence of NuA4 homologs within different multisubunit chromatin remodeling complexes ([@B70]; [@B14]; [@B78]; [@B119]) may complicate the interpretation of the phenotypic alterations observed in some of these mutants. In any case, a picture is beginning to emerge showing the involvement of various components of this HAT complex in the regulation of a variety of plant biological processes, such as flowering initiation, gametophyte development, cell proliferation, stress, growth, and hormone responses among others ([@B70]; [@B121]; [@B21]; [@B133]; [@B14]; [@B46]; [@B96]; [@B38]).

![Conserved domains of the putative NuA4 subunits in plants. Proteins are grouped according to the different sub-modules of the complex: assembly platform, Piccolo NuA4, TINTIN, and SWR1 shared module. The modular architecture of the proteins was extracted from multiple alignments with the web servers HMMER v2.1 ([@B45]) and SMART ([@B74]). Scale bars are indicated for the proteins of each sub-module. For the assembly platform, 200 aa; for Piccolo NuA4, TINTIN, and the SWR1 shared module, 50 aa.](fpls-11-00125-g001){#f1}

As discussed above, Eaf1, together with Tra1, fulfills the role of the assembly platform of the yeast NuA4 ([@B5]; [@B128]). In plants, the Eaf1 subunit is widely conserved and particularly in *A. thaliana* a couple of tandem repeated *EAF1* homologs, *AtEAF1A* (AT3G24880) and *AtEAF1B* (AT3G24870), exist and have already been analyzed ([**Table 1**](#T1){ref-type="table"} and [**Figure 1**](#f1){ref-type="fig"}). These genes share 98.5% identity in their coding regions and are equally expressed in mature rosette leaves ([@B14]). AtEAF1 proteins have also been proposed to function as the scaffold platform of the putative plant NuA4 ([@B14]). Besides, Tra1 is also conserved in Arabidopsis and two genes, *AtTRA1A* (AT4G36080) and *AtTRA1B* (AT2G17930), encode homologs of the yeast and the mammalian counterparts ([@B81]), supporting that the assembly platform for NuA4 is present in plants ([**Table 1**](#T1){ref-type="table"} and [**Figure 1**](#f1){ref-type="fig"}). The two AtEAF1 proteins contain highly conserved HSA and SANT domains ([**Figure 1**](#f1){ref-type="fig"}), which are also present in the yeast Eaf1 subunit, *H. sapiens* p400 and several plant homologs of PHOTOPERIOD-INDEPENDENT EARLY FLOWERING 1 (PIE1), the proposed catalytic subunit of plant SWR1 ([@B92]; [@B14]). The HSA domain is a common feature of the platform subunits of the chromatin remodeling complexes SWR1, NuA4, and the hybrid complex TIP60-p400 ([@B117]), and is thought to provide the assembly surface for the shared submodule between NuA4 and SWR1 ([@B5]; [@B117]).

Besides the conservation of NuA4 subunits, recent works have provided additional evidence for the occurrence of this HAT complex in plants. By using the Arabidopsis homologs of yeast Swc4 and Arp4, AtSWC4 and AtARP4, as baits in affinity purification experiments followed by tandem mass spectrometry (AP-MS/MS), hints for the physical association of these proteins with AtEAF1 were revealed. Interestingly, homologs for the rest of NuA4 subunits, including the other assembly platform protein AtTRA1 (specifically AtTRA1B), were also pulled down in these proteomic assays, suggesting that all these NuA4 components coexist in multimeric complexes in Arabidopsis ([**Figure 2**](#f2){ref-type="fig"}). According to the presence of SWC4 and ARP4 in other chromatin remodeling complexes, subunits of SWR1 and INO80 were also identified ([@B14]). Furthermore, co-immunoprecipitation experiments have demonstrated that both YAF9 homologs present in Arabidopsis, AtYAF9A and AtYAF9B, physically interact with AtEAF1B through the HSA domain ([**Figure 2**](#f2){ref-type="fig"}) ([@B14]), and that AtYAF9A is also able to interact with AtEAF1A in pulldown assays ([@B38]).

![Interaction map among NuA4 subunits in *A. thaliana*. The different homologs are grouped into the different sub-modules of the complex, similarly to [**Figure 1**](#f1){ref-type="fig"}. Continuous lines represent interactions demonstrated by pair-wise protein-protein experiments, whereas dotted lines depict interactions revealed in proteomic experiments.](fpls-11-00125-g002){#f2}

Additional AP-MS experiments have uncovered that both AtEAF1 and AtTRA1 immunoprecipitate as well when other putative subunits of NuA4, including HAM1 and HAM2 (Arabidopsis Esa1 homologs), and the two EPL homologs, AtEPL1A and AtEPL1B, were used as baits ([**Figure 2**](#f2){ref-type="fig"}) ([@B119]), consistent with a crucial role of both AtEAF1 homologs as assembly platforms for NuA4. Furthermore, these proteomic analyses revealed that not only AtEAF1 but also ten additional conserved subunits of NuA4 were copurified with tagged versions of AtHAMs and AtEPLs in Arabidopsis ([**Figure 2**](#f2){ref-type="fig"}) ([@B119]). Confirmation for these observations came from Co-IP experiments performed in *N. benthamiana* leaves that demonstrated a physical interaction between AtHAM1 and AtYAF9A proteins *in vivo* ([@B38]). Intriguingly, AtTRA1 homologs were also pulled down in proteomic assays performed using either the SWR1 subunit ARP6 ([@B111]) or the SWR1-interacting protein MBD9 (Methyl-CpG-binding domain 9) ([@B100]) as baits, further supporting an intricate functional relationship between Arabidopsis SWR1 and NuA4 complexes. Altogether, these observations reinforce our hypothesis that a putative NuA4 exists in plants and may be closely linked with SWR1.

Emerging Roles of NuA4 in the Control of Plant Biological Processes {#s3_1}
-------------------------------------------------------------------

The functional characterization of putative Arabidopsis NuA4 components has revealed the involvement of these subunits in the control of a variety of plant biological processes ranging from different aspects of growth and development to stress responses. Interestingly, the emerging picture unveils the implication of a putative plant NuA4 in the regulation of the floral transition, as shown by the abnormal flowering time phenotypes observed in the mutants affected in most of the NuA4 subunits characterized so far ([@B130]; [@B21]; [@B133]; [@B14]; [@B46]; [@B38]). This trend strongly argues for a role of NuA4 in the control of plant developmental programs, and particularly, flowering time, a phase transition with important implications in plant adaptation and reproductive success ([**Figure 3**](#f3){ref-type="fig"}).

![Functions of the putative NuA4 subunits in different plant biological responses. Particular NuA4 subunits are involved in a number of developmental processes such as flowering transition, gametophyte development or hypocotyl growth, as well as in cell proliferation processes and stress responses or in hormone signaling transduction pathways.](fpls-11-00125-g003){#f3}

### The Piccolo and NuA4 Catalytic Subunits HAM1/2 of Arabidopsis Are Involved in the Control of Developmental Responses {#s3_1_1}

MYST family acetyltransferases have been identified in several plant species. The Arabidopsis genome contains two closely related homologs of the yeast Esa1 protein, HAM1 (AT5G64610) and HAM2 (AT5G09740) ([**Table 1**](#T1){ref-type="table"} and [**Figure 1**](#f1){ref-type="fig"}) ([@B70]). Their transcripts are constitutively expressed in all tissues, with higher expression levels found in shoot apical meristems, mainly during the floral transition ([@B43]; [@B70]). In contrast to Arabidopsis, *Solanum lycopersicum* contains only one MYST protein, SlHAM1 ([@B33]). Similar to *AtHAM1* and *AtHAM2*, *SlHAM1* is expressed in all organs, but mainly in flowers and fruits, suggesting that it could accomplish the same developmental role as its Arabidopsis homologs. Phylogenetic analyses have shown that plant HAMs are distributed in two clades, one of which includes both tomato and Arabidopsis proteins while the other comprises two HAM proteins from monocots, including maize and rice. This separation indicates that a single ancestral *HAM* gene gave rise to *HAM* homologs in monocots and dicots, occurring a specific event of duplication at the origin of the expansion of this family in Arabidopsis and maize ([@B33]).

Both HAM1 and HAM2 catalytic subunits have been functionally analyzed ([**Figure 3**](#f3){ref-type="fig"}) and shown to specifically acetylate K5 residues of the histone H4 both *in vitro* and *in vivo* ([@B43]). The high sequence similarity between HAM1 and HAM2 suggests that a functional redundancy could exist for these proteins ([@B70]; [@B130]). Consistent with this, Arabidopsis mutants lacking only one of the HAM proteins do not display noticeable phenotypic alterations when grown under standard conditions. However, *ham1 ham2* double mutants are lethal due to severe defects in the development of male and female gametophytes ([**Figure 3**](#f3){ref-type="fig"}) ([@B70]). Although this embryo lethality hampered the complete functional characterization of *HAM* genes, some pieces of information have been inferred by assessing sesquimutants ([@B70]), double heterozygous mutants ([@B76]), and knockdown and over-expression lines of both *HAM1* and *HAM2* ([@B130]). Interestingly, total H4 acetylation levels were reduced in knock-down *ham* lines and increased in HAM1-overexpressors, corroborating that HAM1 functions as HAT *in planta* ([@B130]). In addition, *ham1/ham1 ham2/HAM2* and *ham1/HAM1 ham2/ham2* sesquimutant plants display smaller siliques and lower seed number compared to wild-type (wt), as well as unfertilized ovules in some of the analyzed fruits. Furthermore, only 60% of the pollen grains are viable in the anthers of the sesquimutants. These results confirm that both proteins work redundantly to regulate gametophyte development ([@B70]).

Besides its function in gametogenesis, HAM1 and HAM2 also regulate flowering time ([**Figure 3**](#f3){ref-type="fig"}), since *ham* knock-down or *ham1/HAM1 ham2/HAM2* double heterozygous plants in *FRIGIDA* (*FRI*) background ([@B130]; [@B76]) displayed an early flowering time phenotype that is accompanied by a reduction in the expression levels of the floral repressors *FLC* and *MADS-BOX AFFECTING FLOWERING GENES 3/4* (*MAF3/4)* ([@B130]). These are negative regulators of the floral integrators *SUPPRESSOR OF OVEREXPRESSION OF CO 1* (*SOC1)* and *FT*, the latter being part of the florigen ([@B4]). Chromatin immunoprecipitation (ChIP) analyses demonstrated a substantial reduction in H4K5ac and H4ac levels in different regions of *FLC* and *MAF3*/*4* genes in the knock-down transgenic lines, consistent with the low expression levels observed for these flowering genes. In contrast, *HAM* overexpression lines displayed the opposite behavior, showing late flowering, increased levels of *FLC* and *MAF3*/*4*, and higher H4ac levels in these genes. Thus, HAM1 and HAM2 regulate H4 acetylation in the genomic region of these floral repressors, modulating their activation and, consequently, the timing of flowering ([@B130]). This is in agreement with previous observations that revealed that flowering time and the expression levels of the floral repressor *FLC* are finely tuned by changes in histone acetylation (revised in [@B51]).

On top of being part of NuA4, HAM proteins are associated *in vivo* with components of the PWWPs-EPCRs-ARIDs-TRBs (PEAT) complex ([@B119]), which mediates histone deacetylation and heterochromatin condensation. Interestingly, a recent study described that HAM1 protein also co-immunoprecipitates with FRI ([@B76]). This flowering regulator defines the FRI complex (FRI-C), which is key to promote *FLC* expression and delay the floral transition. According to these observations, HAM1, recruited together with the FRI-C and a number of chromatin remodeling complexes, is part of the FRI supercomplex (FRI^SC^), which is enriched in the TSS region of *FLC* to mediate its transcriptional activation ([**Figure 4A**](#f4){ref-type="fig"}) ([@B76]). However, it remains to be elucidated if HAM-mediated histone acetylation at the *FLC* locus ([@B130]) is functionally related with this FRI^SC^.

![Working models for the NuA4-dependent activation of the flowering time master regulators *FLC* and *FT*. **(A)** H2A.Z deposition mediated by SWR1 and histone H4 and H2A.Z acetylation performed by the putative NuA4 catalytic subunits HAM1/2 in genomic regions surrounding *FLC* TSS are required for *FLC* expression. FRI-C, together with HAM1 and a plethora of chromatin remodelers and transcriptional regulators assist in the recruitment of SWR1 to *FLC* chromatin, fine tuning *FLC* expression by facilitating the incorporation of H2A.Z and histone PTMs. **(B)** HAM1/2 mediate H4K5 acetylation at *FT* chromatin promoting its transcriptional activation. HAM1/2 interact with MRG1/2 proteins as subunits of NuA4. MRGs recognize enriched H3K36me3 regions at *FT* chromatin, and *via* their MRG domain, physically interact with CO to enhance *FT* activation under LD inductive photoperiods. On the other hand, SWR1 mediates the deposition of H2A.Z at the TSS of *FT* chromatin, modulating its expression. See text for details. Scale bars refer to the size of coding regions of the genes from their respective TSS.](fpls-11-00125-g004){#f4}

In addition to gene transcriptional regulation, histone acetylation is also related to DNA damage repair processes in yeast and mammals ([@B56]). In Arabidopsis, the role of HAM1 and HAM2 in DNA damage repair is conserved ([**Figure 3**](#f3){ref-type="fig"}). Single *ham1* and *ham2* mutants display little or no clear phenotypical alterations when grown under normal conditions, but suffer more DNA damage than wt plants when they were exposed to ultraviolet (UV)-B irradiation ([@B23]). This suggests that plant HAM proteins conserve a functional role in DNA damage repair. In Arabidopsis, HAM1 appears to play a predominant role in this response since *ham1* mutant plants are more affected by UV-B irradiation than those that are defective in *HAM2* ([@B23]).

The data discussed above support the involvement of HAM proteins in the control of both developmental processes and DNA repair in plants ([**Figure 3**](#f3){ref-type="fig"}). However, the presence of HAM proteins in additional Arabidopsis multiprotein chromatin remodeling complexes hinders the interpretation of the phenotypic alterations observed in *ham* mutants that could be affecting the function of other complexes ([@B76]; [@B119]), in addition to NuA4. Future studies will contribute to clarify the implication of this HAT complex in the transcriptional control of biological processes and to ascribe specific NuA4-dependent roles for HAM proteins in plants. For that reason, it will be essential to address the implication of additional Arabidopsis Piccolo subunits (EPL1A/B, ING1/2, and EAF6) in the regulation of those processes. In Arabidopsis there are two homologs of yeast Epl1, *AtEPL1A* (AT1G16690) and *AtEPL1B* (AT1G79020) ([**Table 1**](#T1){ref-type="table"}). Both genes are located in chromosome 1 and are 67% identical with a highly conserved EPL domain ([**Figure 1**](#f1){ref-type="fig"}) ([@B98]). EPL proteins are well conserved in plants, and one homolog has been described in maize (*ZmEpl101)* and in other plant species such as soybean, tomato, potato, wheat, and barley ([@B113]). However, the function of these proteins in plants remains completely unknown.

Piccolo ING homologs are conserved across the plant kingdom and share a similar architecture, with a C-terminal PHD finger module ([**Figure 1**](#f1){ref-type="fig"}). Homologs of ING were found in the moss *Physcomitrella patens*, the monocot *Oryza sativa*, the dicot *Medicago truncatula,* and in the woody plant *Populus trichocarpa* ([@B50]; [@B73]). In Arabidopsis there are two PHD-containing proteins homologs of yeast Yng2 named AtING1 (AT3G24010) and AtING2 (AT1G54390) ([**Table 1**](#T1){ref-type="table"}) ([@B50]; [@B73]). Both *AtING1* and *AtING2* are ubiquitously expressed, although at low levels. The corresponding proteins are nuclear localized and hold the ability to bind H3K4me2/3 marks, as it has been described in PHD-containing proteins in yeast and mammals, where they can recruit either HAT or HDAC complexes ([@B73]). In plants, these histone binding modules are involved in the regulation of developmental processes and defense responses among others ([@B90]). However, the function of AtING proteins remains unknown, although a physical interaction of ING2 with Histone Deacetylase Complex 1 (HDC1), an important component of the plant HDAC machinery, has been reported ([@B97]). Similarly, the functional roles of AtEAF6, the fourth member of Arabidopsis Piccolo encoded by AT4G14385, have not been defined yet. Further studies are needed to clarify the functions of these putative NuA4 components that accompany HAM proteins in the putative plant Piccolo NuA4 complex.

### The Assembly Platform Subunit EAF1 Is Also Involved in the Regulation of Plant Development {#s3_1_2}

Further to the roles of the catalytic NuA4 subunit, HAM proteins, recent reports have shed light on the role of AtEAF1 in the control of plant developmental processes ([@B14]). Knockout plants for *AtEAF1B* display an acceleration of flowering associated with a reduction in the expression of *FLC* and lower histone acetylation levels near the 5\' end of this locus ([**Figure 4A**](#f4){ref-type="fig"}). Besides, these *eaf1b* mutant plants show a reduction in H4K5ac levels in the chromatin of other master regulators of flowering such as *FT*, *CONSTANS* (*CO)* and *SOC1 (* [**Figure 4B**](#f4){ref-type="fig"}) ([@B14]). Interestingly, the physical interaction of AtEAF1 with AtYAF9A and AtYAF9B is in agreement with the early flowering phenotype shared by *Ateaf1b*, *Atyaf9a,* and *Atyaf9a Atyaf9b* mutant plants (see below). The acceleration of flowering observed in all these mutants can be attributed to decreased *FLC* expression mainly due to the reduction of its H4 acetylation levels ([**Figure 4A**](#f4){ref-type="fig"}) ([@B137]; [@B14]; [@B38]). Although the location in tandem of both *AtEAF1* homologs in the genome has prevented the isolation of *eaf1a eaf1b* double mutants, the observations regarding *eaf1b* mutants ([@B14]) support the involvement of this putative NuA4 subunit in the regulation of flowering time. The alteration of histone acetylation levels displayed by plants deficient in *EAF1* is again consistent with the existence of a functional NuA4 in plants and its participation in developmental regulation.

### Developmental and Stress-Related Functions Associated to Homologs of Putative Plant TINTIN Complex Subunits {#s3_1_3}

In Arabidopsis there are two homologous proteins for the MRG family, namely AtMRG1 (AT4G37280) and AtMRG2 (AT1G02740) ([**Table 1**](#T1){ref-type="table"}). Both share nearly 50% identity and 65% similarity in their amino acids sequence. As their human and yeast counterparts, both Arabidopsis proteins conserve the CHD motif that binds H3K4me3 and H3K36me3, and the MRG domain ([**Figure 1**](#f1){ref-type="fig"}) ([@B21]; [@B133]; [@B132]). Arabidopsis *MRG1* and *MRG2* genes are ubiquitously expressed in all tissues but mainly in roots, inflorescences, and the vasculature of cotyledons and true leaves ([@B21]; [@B133]). Moreover, the corresponding proteins are nuclear localized, close to euchromatic regions ([@B133]).

*AtMRG1* and *AtMRG2* are functionally redundant in the control of flowering time in Arabidopsis since plants defective in only one of the *MRG* genes do not display any phenotypic alteration in comparison to wt, while *mrg1 mrg2* double mutant plants show late flowering and low expression levels of the flowering integrator gene *FT* specifically under long-day (LD) conditions, suggesting a link with the photoperiod-dependent flowering pathway ([@B21]; [@B133]). In this pathway, the activation of *FT* is critical and promoted by the transcription factor CO in LD. Only under these conditions CO protein is stabilized in the afternoon, allowing the induction of *FT* expression ([@B112]). Interestingly, MRG1/2 proteins physically interact with CO *via* their MRG domain to activate *FT* expression ([@B21]). In fact, a model of functional interdependence between CO and MRG1/2 has been proposed, in which CO directly binds the *FT* promoter and recruits MRG1/2 proteins to *FT* locus. In addition, the CHDs present in MRG1/2 allow these proteins to bind regions of the *FT* promoter enriched in H3K4me3 and H3K36me3 marks. In this way, MRG1/2 proteins stabilize the binding of CO to the *FT* promoter region, eventually controlling *FT* activation ([**Figure 4B**](#f4){ref-type="fig"}) ([@B21]). Intriguingly, in addition to regulating *FT*, MRG1 and MRG2 are also needed to fine tune *FLC* expression since *mrg1 mrg2* double mutant plants display reduced expression levels of this floral repressor. The significance of this regulation for the control of flowering time is unclear given that this double mutant is late-flowering, and this delay cannot be explained by low *FLC* expression levels ([@B133]).

Arabidopsis MRG proteins also interact with HAM1 and HAM2 ([@B133]). This interaction is conserved through evolution since in yeast, the MYST HAT Esa1 associates with Eaf3 to specifically target gene promoter regions for transcriptional activation ([@B44]). *mrg1 mrg2* double mutants show a reduction in acetylation levels of histone H3 and histone H4K5 at their target genes, and particularly in *FT* ([@B133]). Therefore, according to the current working model, MRG1 and MRG2 preferably bind H3K36me3 at the promoter region of their target genes and recruit HATs HAM1/2 to increase histone acetylation levels, making these loci more accessible for transcriptional activation ([**Figure 4B**](#f4){ref-type="fig"}) ([@B133]).

MRG1 and MRG2 also function as positive regulators of shade-induced hypocotyl elongation responses ([**Figure 3**](#f3){ref-type="fig"}) ([@B96]). Plants grown in high-density conditions adapt their development to ensure its accessibility to sunlight. This is known as shade avoidance syndrome (SAS), where the most characteristic phenotypic response is hypocotyl elongation ([@B7]). Plants defective in both *MRG1* and *MRG2* are affected in SAS response since they display a shorter hypocotyl length compared to wt plants when they are grown under shade, while there are no differences under standard white light or dark conditions ([@B96]). PHYTOCHROME-INTERACTING FACTOR 7 (PIF7) also plays a crucial role in this response, since *pif7* mutants display shorter hypocotyls only when they are grown under shade conditions ([@B75]). Interestingly, MRG2 and PIF7 proteins physically interact, and in response to shade PIF7 recruits MRG1/2 to the promoter of the target loci to regulate the expression of shade-responsive genes ([@B96]). In turn, MRG1/2 proteins bind H3K4me3 and H3K36me3 marks and recruit HAT complexes to promote histone acetylation, inducing the expression of genes mediating SAS ([@B96]).

Arabidopsis MRG proteins have also been implicated in the flowering response to ambient temperature ([@B94]), although it is currently unclear whether this function of MRGs is linked to NuA4 activity. In Arabidopsis, genome-wide approaches have shown that genes differentially spliced in response to fluctuating ambient temperature are enriched in H3K36me3 ([@B94]). Interestingly, Arabidopsis *mrg1 mrg2* mutant plants are less sensitive to the high ambient temperature acceleration of flowering observed in wt plants, suggesting that MRG1/2 could mediate the H3K36me3-dependent regulation of alternative splicing that occurs under warm temperature ([@B94]). Based on these observations, it is tempting to speculate that a link might exist between the activity of NuA4 and alternative splicing in response to environmental cues. However, it is not possible to rule out that this role of MRG proteins is NuA4-independent, and further research will be necessary to explore the implication of this HAT complex in mRNA maturation in plants.

MRG proteins are conserved across the plant kingdom, and their function has been addressed not only in Arabidopsis but also in other plant species. The rice genome contains two *MRG* genes, *OsMRG701* and *OsMRG702* ([**Table 1**](#T1){ref-type="table"}), the latter being involved in the floral transition since knockdown mutants for this gene display a late flowering phenotype under both LD and short-day (SD) conditions ([@B60]). Interestingly, this mutant shows similar developmental alterations to those observed in brassinosteroid (BR)-deficient plants. These defects are related to the ability of MRG702 to bind chromatin and regulate the expression of BR biosynthesis genes. Like other MRG family proteins, MRG702 also directly binds the chromatin of target genes in an H3K36me3-dependent manner ([@B60]).

On the other hand, AT1G26470 encodes AtEAF7 in Arabidopsis, the homologous protein of yeast Eaf7 and human MRGBP ([**Table 1**](#T1){ref-type="table"} and [**Figure 1**](#f1){ref-type="fig"}) ([@B58]). AtEAF7 is also known as SNS1 (SnRK2-SUBSTRATE 1) since it is a target of SnRK2 ([@B121]), a protein kinase involved in abscisic acid (ABA) signaling pathway ([@B54]). In response to ABA, SnRK2 is activated and phosphorylates a variety of protein substrates, including AtEAF7/SNS1 ([@B121]). Plants deficient in *AtEAF7/SNS1* display a conspicuous inhibition of post-germination growth when they are grown in the presence of ABA, while they grow normally in the absence of this phytohormone ([@B121]). In comparison to wt, ABA-responsive genes appeared upregulated in *Ateaf7/sns1* seedlings treated with ABA. Thus, AtEAF7/SNS1 has been proposed to act as a negative regulator of ABA signaling pathway in Arabidopsis at the post-germination stage ([**Figure 3**](#f3){ref-type="fig"}) ([@B121]).

Although evidence for the physical interaction between AtEAF7 and MRG1/2 is still lacking, the dimers between AtEAF7 and MRG1/2 might work in plants as a functional homolog of the TINTIN complex with both NuA4-dependent and -independent functions. Given the role of AtEAF7 in the ABA signaling pathway ([@B121]), it will be interesting to investigate the possible implication of MRG1/2 in abiotic stress responses mediated by this hormone. In addition, emerging evidence has unveiled the participation of alternative splicing mechanisms in ABA-mediated responses ([@B69]). Besides, SnRK2 kinases have been shown to regulate the phosphorylation status of several plant splicing factors ([@B69]), suggesting a link between these two processes that might implicate Arabidopsis homologs of the TINTIN subunits, an issue that will need to be thoroughly explored in the future.

### Accessory Subunits of NuA4 Shared With SWR1 Also Regulate Developmental Programs {#s3_1_4}

Arabidopsis SWR1 is involved in the control of plant stress responses and developmental processes, particularly in the regulation of flowering time. Mutations affecting different SWR1 subunits cause an acceleration of flowering due to reduced *FLC* expression ([@B59]). Consistently, loss of function mutants in the genes encoding different isoforms of H2A.Z in Arabidopsis display similar phenotypes ([@B36]), indicating that SWR1 is required to control flowering time mainly through the deposition of H2A.Z histone variant in regulatory regions of *FLC* ([@B84]; [@B40]; [@B59]). Arabidopsis homologs of the four shared subunits between SWR1 and NuA4 complexes (YAF9, SWC4, ARP4, and ACT1) have been characterized, revealing that their loss of function confers in most of them pleiotropic phenotypic alterations similar to other *swr1* mutants.

Two genes encoding YEATS domain-containing homologs to the yeast Yaf9 are present in the Arabidopsis genome, *AtYAF9A* (AT5G45600) and *AtYAF9B* (AT5G18000) ([**Table 1**](#T1){ref-type="table"} and [**Figure 1**](#f1){ref-type="fig"}) ([@B137]; [@B14]; [@B38]). The YEATS domain of Yaf9 has been defined as a selective reader of H3K27ac in yeast, and the recognition of this histone modification by Yaf9 leads to the exchange of the H2A histone variant for H2A.Z ([@B65]). In Arabidopsis, both YAF9A/B proteins can recognize unmodified histone H3 and also H3K9ac and H3K27ac, suggesting that the ability of the YEATS domain to bind acetylated H3 is conserved in plants and could participate in the recruitment of YAF9 to chromatin ([@B38]). *YAF9A* is highly expressed in different organs of the plant, while high expression levels of *YAF9B* were only detected in young flowers and roots ([@B137]; [@B38]). The proteins encoded by both genes are located in the nucleus, consistent with YAF9 proteins being present in chromatin remodeling complexes ([@B38]). Plants deficient in *YAF9A* display a slight but significant acceleration of flowering in both LD and SD. However, plants defective in *YAF9B* behave like wt ([@B38]). Interestingly, *yaf9a yaf9b* double mutant plants show pleiotropic developmental phenotypic alterations in comparison to wt plants, such as accelerated senescence and chlorotic leaves with reduced chlorophyll content, conspicuous early flowering under both LD and SD conditions, and reduced organ and plant size due to lower endoreduplication levels ([@B14]; [@B38]). Results derived from transcriptomic analyses with *yaf9a yaf9b* plants are in agreement with their pleiotropic phenotypic alterations. These mutants show more than 2000 differentially expressed genes, including some related to cell size and growth regulation, systemic acquired response, and also to flowering time regulation ([@B38]). Altogether, these data indicate that the Arabidopsis *YAF9A* and *YAF9B* genes have partially redundant roles in the regulation of developmental processes, including the initiation of reproductive growth.

According to their early flowering, both *yaf9a* and *yaf9a yaf9b* plants have reduced *FLC* transcript levels, while in *yaf9b* no alterations are observed in *FLC* expression ([@B137]; [@B14]; [@B38]). Interestingly, crosses of *flc* plants with *yaf9a* or *yaf9a yaf9b* reveal an additive effect between the corresponding genes, suggesting that *YAF9* genes regulate this developmental transition through both *FLC*-dependent and -independent mechanisms ([@B38]). The downstream floral integrators *FT* and *SOC1* are upregulated in *yaf9a* and *yaf9a yaf9b* mutants, consistent with the early flowering observed in these plants ([@B137]; [@B14]; [@B38]).

In Arabidopsis, SWR1 is necessary for the activation of *FLC via* the exchange of H2A by the histone variant H2A.Z in the chromatin of this locus ([@B84]; [@B40]). However, no change in H2A.Z levels were found between wt and *yaf9a yaf9b* double mutant plants at *FLC* chromatin, suggesting that YAF9 proteins are not required for H2A.Z deposition at this locus, and that YAF9 proteins also regulate flowering in an SWR1-independent manner. Supporting this conclusion, the combination of *swr1* mutants with *yaf9a* and *yaf9a yaf9b* revealed an additive effect on flowering time ([@B38]). *yaf9a yaf9b* double mutants also show a distinct genetic interaction with *FRI* in comparison with other subunits of SWR1. As discussed above, the FRI-C delays flowering by promoting *FLC* expression ([@B32]; [@B37]; [@B76]). When combined with *FRI* alleles, *yaf9a yaf9b* mutations partially suppress this late flowering and the high expression levels of *FLC*. This is in contrast with the flowering time phenotype observed in lines carrying an active *FRI* allele introgressed into other *swr1* mutants, where the suppression of the *FRI* late-flowering phenotype is complete ([@B30]). These observations corroborate that *FRI* requires an active SWR1 to regulate *FLC* expression, and further support the notion that YAF9 also regulates *FLC* expression *via* SWR1-independent mechanisms ([**Figure 4A**](#f4){ref-type="fig"}) ([@B38]).

ChIP experiments demonstrated that *FLC* is a direct target of YAF9, and that the effect of this protein on *FLC* expression is mediated by changes in chromatin organization since the acetylation levels of both histone H4 and the histone variant H2A.Z were decreased in this locus in *yaf9a* and *yaf9a yaf9b* mutants ([**Figure 4A**](#f4){ref-type="fig"}) ([@B137]; [@B14]; [@B38]). These results reveal for the first time in plants a possible link between H2A.Z acetylation and gene expression that will have to be analyzed in detail in future works. *FT* is also a direct target of YAF9 ([**Figure 4B**](#f4){ref-type="fig"}) ([@B38]), although its expression was upregulated in the *yaf9a yaf9b* double mutant. Despite this increased expression, levels of histone H4ac are moderately reduced at the *FT* locus in these mutant plants ([@B14]). In contrast to the *FLC* gene, no changes in H2A.Zac levels were observed in *FT* chromatin in *YAF9* defective plants ([@B38]), revealing that the role of YAF9 in H2A.Z modification could be locus specific and highlighting the complexity of chromatin-mediated regulation of gene expression in plants.

YAF9A also participates in the control of flowering time through the photoperiod-dependent pathway. This NuA4 subunit interacts with the circadian clock component CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) which recruits MUT9P-LIKE-KINASE 4 (MLK4) to the *GIGANTEA* (*GI*) promoter. This protein complex that contains YAF9 and MLK4 acts to induce *GI* expression through phosphorylation of histone H2A at serine 95, H2A.Z deposition, and histone H4 acetylation in the chromatin of this flowering locus ([@B116]). These observations illustrate how the coordinated action of different histone marks and chromatin remodeling complexes establishes patterns of gene expression required for an appropriate regulation of developmental processes such as flowering time.

Another NuA4 subunit shared with SWR1 is SWC4. Arabidopsis SWC4, encoded by AT2G47210, was recently found associated with SWR1 in plants ([@B46]) ([**Table 1**](#T1){ref-type="table"}). Like its yeast and mammalian counterparts, AtSWC4 contains a SANT/Myb_DMAP1 domain in N-terminal position and a DMAP1 domain in the C-terminus ([**Figure 1**](#f1){ref-type="fig"}) ([@B46]). The first one is involved in the interaction with DNA, histones, and other proteins, while the second one mediates protein-protein interactions ([@B138]). As in yeast, AtSWC4 physically interacts with both AtYAF9A and AtYAF9B in the nucleus ([@B14]; [@B46]), suggesting the conservation of this common submodule in plants. *SWC4* is widely expressed but shows higher transcript levels in proliferating tissues including roots, flowers, and floral buds, and participates in the regulation of different developmental processes. This NuA4 subunit seems to be essential for Arabidopsis embryo development given that *swc4* knockout mutant plants are embryo-lethal. Furthermore, SWC4 also takes part in the regulation of post-embryonic processes since plants with reduced levels of *SWC4* expression (*swc4i*) grown under both LD and SD conditions display pleiotropic phenotypic alterations in both vegetative and reproductive development such as curly leaves, symptoms of accelerated leaf senescence, and reduced plant and organ size due to a defective balance between cell proliferation and expansion. Additionally, consistent with the early flowering phenotype of *yaf9* mutants, *SWC4* knock-down lines displayed a slight acceleration of flowering concomitantly with *FT* upregulation under LD conditions ([@B46]). Many of these morphological and developmental alterations resemble those observed in several Arabidopsis mutants defective in SWR1 function ([@B30]; [@B39]; [@B84]; [@B31]; [@B40]; [@B68]; [@B59]; [@B38]).

Transcriptomic analyses have revealed the misregulation of a wide range of genes in the *SWC4* knockdown plants, which is consistent with the pleiotropic phenotypic alterations observed in these lines. Among the differentially expressed genes in *swc4i* lines, upregulated transcripts were three times more frequent than those downregulated, suggesting a role for SWC4 in gene silencing ([@B46]). Differentially expressed genes include some loci involved in primary and secondary metabolism, response to stimulus and stress, post-embryonic development, cell-cycle control, cell differentiation, and growth ([@B46]). Interestingly, this transcriptomic analysis revealed a wider overlap with that of the *yaf9a yaf9b* plants than with those of mutants affected in other SWR1 subunits like *pie1*, *arp6,* or *swc6* ([@B38]), suggesting that AtYAF9 and AtSWC4 share a number of functions, and both may have additional roles to those performed by SWR1. In agreement with this idea and similarly to *yaf9a yaf9b* mutant plants ([@B38]), *SWC4* knock-down plants show lower endoreduplication levels ([@B46]). This is consistent with YAF9 proteins and SWC4 being part of the same functional submodule. Nevertheless, a significant overlap was still noticeable between the RNA-seq data of *swc4i* lines and transcriptomic profiles of other *swr1* mutants ([@B46]; [@B38]). Moreover, ChIP-seq analyses performed in *swc4i* plants identified more than 5000 genes with reduced levels of H2A.Z. Interestingly, these loci significantly overlap with the upregulated genes in *SWC4* deficient plants, consistent with the association of AtSWC4 with SWR1. Based on these results, SWC4 has been proposed to be necessary for the recruitment of SWR1 and H2A.Z deposition to specific loci through the recognition of AT-rich DNA elements that are over-represented in the TSS of target genes. Consistent with previous observations showing that H2A.Z deposition is essential for proper transcriptional regulation of *FT* ([@B67]), this master gene of flowering is a direct target of AtSWC4, and is one of the most highly upregulated genes in *swc4i* plants ([@B46]), underscoring the relevance of SWR1 activity for modulating floral initiation in Arabidopsis ([**Figure 4B**](#f4){ref-type="fig"}).

Finally, another shared member of SWR1 and NuA4 complexes that has been characterized in Arabidopsis is ARP4 ([**Table 1**](#T1){ref-type="table"} and [**Figure 1**](#f1){ref-type="fig"}). In Arabidopsis, there are eight classes of ARPs (ARP2-9), and two of them (ARP7 and 8) are plant-specific, while for the rest there are homologs in other eukaryotes. ARP proteins are well conserved in diverse angiosperms and homologs for all ARP classes have been found in the monocot rice ([**Table 1**](#T1){ref-type="table"}) ([@B61]). All the Arabidopsis ARP classes are represented by a single gene except for *ARP4*, which has two closely related genes dubbed as *AtARP4* (AT1G18450) and *AtARP4A* (AT1G73910). While *AtARP4A* appears to be poorly expressed, *AtARP4* mRNA is ubiquitously present in all organs and tissues analyzed ([@B61]). *AtARP4* knockdown plants display morphological alterations like reduction in plant size, smaller and fewer leaves, and atrophied siliques with few seeds and fertility. These plants are also affected in many phases of reproductive development since they display conspicuous alterations in flower development and an early flowering time phenotype specifically under LD, suggesting a possible link with the photoperiodic flowering pathway. This global impact of *AtARP4* deficiency in plant growth and architecture indicates that this gene is involved in the control of several developmental programs ([@B62]).

ARP4 homologs from Arabidopsis and *Brassica* and tobacco species are nuclear proteins ([@B62]) and co-purify with multiple putative subunits of INO80, NuA4, SWR1, and SWI/SNF complexes, confirming that ARP4 is part of several nuclear chromatin remodeling complexes in plants. Again, the presence of this protein in multiple complexes may explain the broad range of phenotypic alterations displayed by plants deficient in *ARP4* function. Finally, up to eight isoforms of Act are encoded in the Arabidopsis genome ([**Table 1**](#T1){ref-type="table"}) ([@B85]), but any experimental evidence shedding light on which ones might be involved in the plant NuA4 is still missing.

The Putative NuA4-SWR1 Complexes Merge in Plants, an Evolutionary Perspective {#s3_2}
-----------------------------------------------------------------------------

The existence of a functional interplay between the yeast SWR1 and NuA4 chromatin remodeling complexes has been suggested, based on several observations ([@B15]). First, four subunits are shared by both complexes ([@B3]). Second, the NuA4-mediated acetylation of H2A and H4 facilitates the replacement of H2A-H2B with H2A.Z-H2B dimers by SWR1 ([@B3]). Third, yeast NuA4 is responsible for the acetylation of H2A.Z histone variant after its incorporation into chromatin by SWR1 ([@B87]). Fourth, NuA4-mediated histone acetylation and H2A.Z deposition are intimately associated in a number of chromatin remodeling processes such as the establishment of heterochromatin boundaries or the activation of expression in subtelomeric regions ([@B138]). Finally, in metazoans, homologs of SWR1 and NuA4 form the hybrid TIP60 complex, which is able to acetylate H2A and H4 histones and, at the same time, exchange H2A with H2A.Z ([@B22]).

Further to the functional link between SWR1 and NuA4 in yeast and animals, recent reports have demonstrated how these complexes can merge and separate during the transition from unicellular yeast to multicellular hypha in *Candida albicans* ([@B129]). During the yeast state of this human pathogen, the catalytic subunit of NuA4 mediates the specific acetylation of the K173 residue in Eaf1. This modification of the NuA4 assembly platform subunit allows the interaction with Yaf9, a shared subunit of NuA4 and SWR1, facilitating the merge of both complexes. In contrast, during hyphal elongation, the acetylation levels of Eaf1 decrease through the action of the histone deacetylase Hda1, which is recruited to chromatin in response to nutritional signals that sustain hyphal elongation. In this state, NuA4 and SWR1 complexes are separated, showing the relevance of the dynamic merge and separation of these complexes in developmental transitions that take place depending on the nutritional status of the fungus ([@B129]).

Based on these observations, a plausible scenario is that the merge of SWR1 and NuA4 complexes occurs also in plants. However, compelling experimental evidence supports the notion that plants, from mosses to angiosperms, are most likely to have canonical SWR1 and NuA4 complexes similar to those found in yeast. Most AP--MS approaches using subunits of SWR1 as baits reveal enrichments in SWR1 components and shared subunits with NuA4 among the co-immunoprecipitated proteins. In addition to these proteins, only homologs for the yeast Tra1, present in both NuA4 and SAGA HAT complexes, were recovered in these immunoprecipitation experiments when the SWR1 specific subunit ARP6 was used as bait, but not the NuA4 scaffold (EAF1) nor the catalytic subunit (HAM) ([@B100]; [@B111]). Based on these results, it is unlikely that these complexes may represent a merge of the Arabidopsis SWR1 and NuA4 complexes, similar to the mammalian TIP60 complex ([@B22]). In support of this conclusion, the K residue found to be acetylated in *C. albicans* Eaf1 during the transition from yeast to hyphae is not conserved in Arabidopsis, suggesting that this mechanism of separation and merge could be a specific adaptation of polymorphic fungi ([@B129]). However, at present we cannot completely rule out the possibility that specific subsets of SWR1, NuA4 or even TIP60-like complexes could establish various combinations of the different homolog subunits that are encoded in the Arabidopsis genome for SWR1 and NuA4 complexes ([@B46]) depending on the cell type, the developmental stage or the environmental and growth conditions that plants are exposed to. To precisely address the possible occurrence of distinct SWR1 and TIP60-like complexes, further complex purification approaches using for example Arabidopsis PIE1, the putative catalytic subunit of SWR1, as bait could contribute to elucidate the possible merge of NuA4 and SWR1 in plants.

Concluding Remarks {#s4}
==================

Over the last few years, several reports have started to enlighten the possible existence of a functional NuA4 in plants. At least 12 out of the 13 subunits of this complex are conserved in plants, and their functional characterization is providing evidence for the participation of this complex in different developmental processes and environmental responses. However, as for other plant chromatin remodeling complexes, one of the main bottlenecks in the characterization of the putative plant NuA4 is its purification and further crystallization. At the moment, the only information available to support the presence of NuA4 in plants is based on proteomic and individual protein-protein interaction analyses performed in Arabidopsis. While the data gathered until now tend to suggest that most of the components of the complex associate to each other *in vivo*, further complex purification approaches will be needed to clarify the exact biochemical composition of plant NuA4.

Remarkably, most of the NuA4 subunits are duplicated in plants. The functional characterization performed for some of these subunits indicate that different levels of redundancy are found in these couples of paralogs. The combinatorial potential of these homologs either in the full NuA4 complex or in the subcomplexes like Piccolo or TINTIN, is considerable. A plethora of distinct NuA4 chromatin remodelers with specific acetylation properties and functions could be produced in response to environmental factors or developmental cues, increasing plant plasticity that may result in a ﬁtness beneﬁt. Future research is expected to shed light on the possible interplay of the putative plant NuA4 and SWR1 complexes, although no clear evidence for their merge in a TIP60-like complex has been reported so far in Arabidopsis. In fact, current experimental data supports that plants most likely have independent NuA4 and SWR1 complexes, as it happens in yeast. Nevertheless, it is still possible that particular growing conditions, nutritional status, differentiation states or developmental signals may promote the combination of subunits from both complexes in plants, as it has been described in some fungi.

Although knowledge on the function of plant NuA4 is still in its infancy, the study of mutants affected in different NuA4 subunits characterized so far has revealed a number of phenotypic alterations at both vegetative and reproductive stages, suggesting an involvement of NuA4 in the control of central plant developmental programs through acetylation-mediated regulation of gene expression. However, the presence of some of the NuA4 homologs within different multisubunit chromatin remodeling complexes hampers the interpretation of the phenotypic alterations observed in these mutants, or in the combinations between them, complicating at the moment the adscription of functions to particular complexes. Further work is necessary to characterize additional plant NuA4 subunits in order to discriminate the functions that rely on the HAT activity of this complex from those that depend partially or totally on other chromatin remodeling complexes that share components with NuA4. Future comparative genomic and epigenomic analyses concerning mutants affected in specific and non-specific plant NuA4 subunits will allow us to conclude the mechanisms through which NuA4 works in gene expression regulation and the identification of its direct targets, increasing our understanding on how plant NuA4 functions in different developmental programs and environmental responses, and how this complex interacts with other chromatin remodeling activities.
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